In remote sensing, the Photochemical Reflectance Index (PRI) provides insight into physiological processes occurring inside leaves in a plant stand. Developed by 1,2 , PRI evolved from laboratory reflectance measurements of individual leaves. Yet in a remotely sensed image, a pixel measurement may include light from both reflecting and transmitting leaves.
INTRODUCTION
The Photochemical Reflectance Index (PRI) provides access, via remote sensing, to plant physiological processes at leaf, plant canopy/ecosystem and satellite scales. A review and meta-analysis 3 notes that "PRI is increasingly being used as (a remote sensing) index of photosynthetic performance in general and of radiation use efficiency (RUE -also commonly called Light Use Efficiecy, LUE) in particular in natural and seminatural vegetation." Proposed by 1, 2 , PRI allows estimation of the RUE of the leaf chlorophyll electron transport process. Water stress, nutrient stress, low light levels compromise the process, affecting both production of biomass and RUE. Potentially, estimates of PRI, together with other remote sensing indices such as normalized difference vegetation index (NDVI) and enhanced vegetation index (EVI), could be used to provide pixel by pixel estimates of Gross Primary Productivity, GPP, a key factor in NASA's efforts to refine the carbon budget in its North American Carbon Program and better understand sinks and sources of biospheric carbon/carbon dioxide, an important greenhouse gas.
Validation of PRI for canopies and ecosystems remains an ongoing challenge. While in a broad sense PRI provides information about canopy physiology, PRI values have been shown to vary with species, leaf pigment composition, percent vegetation cover, visibility of soil background, shadows and canopy structure 3 . PRI also varies significantly with view and illumination directions 4, 5, 6, 7, 8 .
We propose there is potentially an additional, heretofore apparently unrecognized source of variation in PRI values for plant canopies and ecosystems: sunlit transmitting leaves -and specifically the proportion of sunlit reflecting versus sunlit transmitting leaves in the sensor field of view (FOV). As made clear in 1,2 , PRI was developed from laboratory leaf measurements for which physiology information was found in leaf reflectance at 531nm, but not in leaf transmittance at 531nm (see for example 9 ).
In this research we measured single leaves in the laboratory, comparing values of PRI based upon polarized reflectance and transmittance measurements of water and nutrient stressed leaves. Our results suggest the polarized leaf surface reflection should be removed when calculating PRI and that the leaf physiology information is in leaf interior reflectance, not leaf transmittance. 
METHODS

Field procedures
Using a Minolta SPAD-502 leaf chlorophyll meter, we measured the chlorophyll concentration, in SPAD units, of fully expanded upper leaves of corn (Zea mays) and Soybean (Glycine max) plants in two large fields in the vegetative development stage, immediately placed the leaves in an ice chest partially filled with ice covered with cloth and transported the chest to the lab. We rehydrated the leaves overnight by placing the cut end of each leaf in water and enclosing the remainder of the leaf in a clear plastic bag.
Laboratory leaf handling
The next morning in the lab, when a leaf sample was needed for measurement purposes, we completed as quickly as possible the following sequence: remove the now fully hydrated leaf from its plastic bag, blot the leaf dry, trim the leaf in order to select a 4.5 cm x 4.5 cm leaf sample, mount the leaf sample in the sample holder and, for measurement purposes, place the sample holder (with leaf sample) on the pan of the analytical balance, Mettler model AE 260, Fig. 1 . We illuminated the leaf sample with a collimated beam of white light provided by a current controlled lamp, Oriel model 6681, and immediately began collecting spectral data and sample weights with the aid of a Mettler analytical balance and two Analytical Spectral Devices spectroradiometers. The leaf sample, initially fully hydrated at 100% RWC, rapidly began loosing water when exposed to the light. Data collection continued until we estimated the leaf sample RWC was less than 65% (approximately the permanent wilting point for corn), which turned out to be 1.5 to 2 hours.
We later dried the leaf samples in a 65 °C oven for 2 days, cooled the leaf samples and estimated RWC for a specific leaf weight as RWC =
Spectral data calculations 2.3.1 Leaf reflectance
We calibrated the reflectance digital number (DN) data using Spectralon measurements collected approximately every 20 minutes by the reflection spectrometer, Fig. 1 . The crossed polarizers significantly reduced the leaf surface reflected light received by the reflectance spectroradiometer, allowing estimation of the portion of the light reflected by the interior of the leaf:
R Leaf(Interior) (0°,0°;28°,0°) = DNLeaf(Reflection spectroradiometer)(0°,0°;28°,0°) DNSpectralon(reflection spectroradiometer)(0°,0°;28°,0°) * R Spectralon(Diffuse) (0°,0°;28°,0°)
Removing the two polarizers allowed estimation of the total reflectance of the leaf surface:
R Leaf(Total (0°,0°;28°,0°) = DNLeaf(Reflection spectroradiometer)(0°,0°;28°,0°) DNSpectralon(reflection spectroradiometer)(0°,0°;28°,0°) * R Spectralon(Total) (0°,0°;28°,0°)
Note that we have accounted for the Spectralon specular lobe such that R Spectralon(Total) (0°,0°;28°,0°) = R Spectralon(Surface) (0°,0°;28°,0°) + R Spectralon(Diffuse) (0°,0°;28°,0°)
We are able to estimate the leaf surface reflectance as the difference between the leaf total reflectance and the leaf interior reflectance, R Leaf(Surface) (0°,0°;28°,0°) = R Leaf(Total) (0°,0°;28°,0°) -R Leaf(Interior) (0°,0°;28°,0°)
provided the leaf light scattering and absorbing properties, generally a function of the incident light irradiance, do not change. Because the leaf irradiance does change by a factor more than two when the illumination axis polarizer is removed or reinserted, we alternated that polarizer with a neutral density filter, not shown in Fig. 1 , of approximately equal optical density.
Leaf transmittance
We calibrated the transmission data to bidirectional transmittance factors with reference to the value of the calibration transfer ratio, CTR, and to measurements collected approximately every 20 minutes by the transmission spectroradiometer of a two layer sandwich of opal glass, which for calibration purposes momentarily replaced the leaf sample under measurement, T Leaf (0°,0°;25°,180°) = * CTR where the CTR was obtained from prior transmission spectrometer measurements of both the opal glass and the spectralon calibration surface. CTR = * R Spectralon(Totsl) (0°,0°;25°,0°)
Estimation of the value of the CTR involved temporarily relocating the lamp from the reflectance side of the sample stage to the transmittance side. So as to not compromise data calibration, the two spectroradiometers and associated fiber optics were immobilized when CTR data and, several days later, leaf data were collected. 
RESULTS AND DISCUSSION
Our results, Fig. 2 , show that the leaf reflectance may be divided into two components, one originating at the leaf surface and a second representing light reflected by the leaf interior. Unlike the light from the leaf interior, the surface reflected light is spectrally flat and never enters the leaf to interact with the cellular pigments, metabolites and water. Not only does the surface reflectance vary little with wavelength, it appears virtually identical for dark green leaves with high chlorophyll concentrations (SPAD reading 59.8), green leaves with intermediate chlorophyll concentrations (SPAD reading 34.6) and yellow green leaves with low chlorophyll concentrations (SPAD reading 21.0), suggesting the leaf surface reflectance could be mathematically similar to that of a surface reflecting facet.
In contrast the total leaf reflectances of these corn leaves display a typical 'green leaf' shape revealing a local peak reflectance around 550nm in the green spectral region and local minima in the blue and red chlorophyll absorption regions. Because the surface reflectance is spectrally flat, the variation of the total leaf reflectance with wavelength is due entirely to the spectral variation of the leaf interior reflectance. In the blue and red chlorophyll absorption regions, Fig. 2 reveals that almost all the light reflected by the leaf originates at the leaf surface and thus contains little information about chlorophyll or anything else inside the leaf. For example, calculation of NDVI based upon the total reflectance of these leaves would include contributions primarily from the leaf surfaces in the red spectral region around 680nm and not from the leaf interior. Estimates of PRI and iPRI, Fig. 3 , for dark green (SPAD=60) to yellow-green (SPAD=20) corn leaves reveal that iPRI is more sensitive with a higher R 2 to SPAD readings and thus leaf chorophyll content than PRI, presumably because PRI includes contributions from the surface reflected light and iPRI does not. The spectrally flat surface reflected light, Fig.  2 , means that values of iPRI should be larger than PRI, as generally shown by the results, Fig. 3 . (For simplicity we will not include the bidirectional nomenclature in the following equations.) Mathematically,
where the constant C represents the leaf surface reflectance, thus, C = R Leaf(Surface) (λ=531nm) = R Leaf(Surface) (λ=570nm).
and therefore iPRI > PRI. It also is easily demonstrated from these equations that values of iPRI and PRI either should be both positive or both negative, but never one positive and other negative as in Fig. 3 ; it is unclear why the PRI regression line, Fig. 3 , dips below zero while that of iPRI does not. Results for a number of corn leaves, Fig. 4 , reveal a curvilinear relationship between RWC and iPRI and probably between RWC and PRI. Again iPRI is larger than PRI for all RWC. In contrast, Fig. 5 , based upon continuous measurements of one soybean leaf, suggests a more linear relationship between reflectance iPRI and RWC. The results, Fig. 5 , support the observation 9 that photochemical information is in the leaf reflectance measured at 531nm rather than leaf transmittance; iPRI based upon leaf reflectance decreases in concert with RWC, but iPRI based upon leaf transmittance measurements is approximately constant and negative for 65% < RWC < 98%. The iPRI of a canopy of such reflecting and transmitting soybean leaves would be reduced depending upon the number of transmitting leaves in the sensor FOV.
CONCLUSIONS
Our results show that the total leaf reflectance may be divided into two components, a leaf surface reflectance and a leaf interior reflectance. The surface reflectance term is spectrally flat and contains no information about cellular pigments, metabolites and water. Removing it from remotely sensed indices such as PRI and NDVI more closely ties them to leaf photochemistry. Our results, which are based upon measurements of single leaves, show that both PRI and iPRI (i for interior) decrease in concert with the corn and soybean SPAD readings (and thus leaf chlorophyll concentration) and/or relative water content values, indicating the leaf samples are under increasing nutrient and /or water stress. The results suggest that iPRI values are larger and more sensitive to SPAD and RWC values -and thus to leaf stress -than PRI values.
